In this paper, power series solutions for strong spherical shocks of time dependent variable energy propagating in a two-phase gas-particle medium are presented taking into consideration the power series M , where M is the upstream Mach number of shock. This investigation presents an overview of the effects due to an increase in (i) the propagation distance from the inner expanding surface and, (ii) the dust loading parameters on flow-field variables such as the velocity of fluid, the pressure, the density, and also on the speed of sound, the adiabatic compressibility of mixture and the change-in-entropy behind the strong spherical shock front.
Introduction
In 1942 Guderley [1] first obtained self-similar solutions describing a converging strong shock wave propagating in an ideal gas. Such families of solutions require invariant boundary conditions under the similarity transformation. Van Dyke and Guttmann [2] described a converging shock driven by a piston with the help of analytical series. In series, the zeroth order term corresponds to the plane problem and the higher order terms account for the spherical effects. Oshima [3] described a diverging shock wave with approximations valid in three domains depending on the Mach number: strong, intermediate, and weak shock. Sakurai [4] presented another method to describe the diverging shocks and obtained the solutions in power series of 2 − M , where M is the upstream shock Mach number. Sakurai's power series solutions are for initially strong shock waves of constant energy and the zeroth order term of series solutions corresponds to the self-similar solutions for the Taylor-Sedov problem of a point explosion. The mathematical proof of existence of this solution has been demonstrated in 2009 by Takahashi [5] . Hafner [6] presented a power series solution for strong converging shock waves near the centre of convergence. The series form generalization of Guderley's imploding shock problem was suggested by Hunter [7] and done later by Welsh [8] . In a same way, Ponchaut et al. [9] extended the self-similar Guderley's solution by using series form solutions and later on Hornung et al. [10] obtained a universal solution for converging shock waves.
Gretler and Regenfelder [11] presented a similarity solution for strong blast waves of variable energy propagating in a dusty gas.
In this paper, the problem studied by Gretler and Regenfelder [11] has been revisited and the solutions for spherical shock wave with time dependent variable energy propagating in two-phase gasparticle medium has been presented in the form of power series. The power series solutions have been obtained in terms of 2 − M , wheres M is the upstream shock Mach number, taking into consideration the power series solution technique [4, 12] . On the original idea of Pai [13] we have assumed the medium as a mixture of a perfect gas and a pseudo-fluid of solid particles at a velocity and temperature equilibrium with a constant ratio of specific heat of the mixture. To ensure that the two-phase gas-particle medium is physically reasonable, both kinematic and thermal equilibrium must hold i.e., both Stokes numbers should be less than 10 -3 [14] .
This work presents an overview of the effects due to an increase in (i) the propagation distance from the inner expanding surface and, (ii) the dust loading parameters on flow-field variables such as the velocity of fluid, the pressure, the density, and also on the speed of sound, the adiabatic compressibility of mixture and the change-in-entropy behind the strong spherical shock front. The results are displayed graphically and discussed by comparison with the previous investigations for an ideal gas, i.e. dust-free gas as limiting cases. The analysis presented can give results substantially different from the ideal gas solution (with modified thermodynamic constants) only when the volumetric concentration is greater than 10 -3 [15] .
The paper is organized as follows: The background information is provided in "Introduction" section.
"Equations of Motion and Boundary Conditions" contains general assumptions and notations, basic equations and boundary conditions. In "Power Series Solutions" section the methodology of obtaining power series solutions is described. "Results and Discussion" section mainly presents results with discussion on the important components of the present model. The findings are concluded in "Conclusions" section with details on which effects were accounted for and which were not.
Equations of Motion and Boundary Conditions
In our investigation the total energy of the flow-field behind the shock front is time dependent and varying according to a power law [11, 12, 16, 17] of the form
, where o E is a functional constant and 0 ≥ k is energy-input parameter. It is notable that 0 = k corresponds to the instantaneous constant energy blast wave, whereas 0 > k corresponds to the case in which the total energy increases with time. The nondimensional form of the conservation equations governing an unsteady, spherically symmetric flow-field between spherical shock front and inner expanding surface moving in a two-phase gas-particle medium can be expressed as [11] :
Here r is the Eulerian coordinate measured from the centre of explosion and t is the time co-ordinate measured from the instant of explosion. The position of shock front ) (t R measured from the centre of explosion is supposed to be monotonically increasing function of t . The variable x represents the relative position with respect to the shock front. It varies from 0 at the centre to infinity and is equal to 1 at the shock position. 
, where G is the volumetric parameter (the ratio of the density of solid particles to the initial density of gas) and p k is the mass concentration of solid particles in the mixture. The ratio of the specific heats of the mixture is
is the ratio of specific heats of the gas, and sp β is the ratio of the specific heats of the solid particles. The volumetric fraction of solid particles in the mixture
and the speed of sound in the unperturbed medium is
In present study, 0 = x corresponds to the ground zero ( 0 = r ) and 1 = x corresponds to the shock 
Using the boundary condition given by equation (21) in Ref. [18] , we can write the pressure across the shock front as:
at the shock front, the solution tends to the similarity solution for infinitely strong shock ( 0 → R ) as 0 → y . Also for very weak shock wave ∞ → R , y tends to 1, i.e., o a U → . The non-dimensional discontinuity conditions (2a-c) are not much affected by the value of y , which varies only from 0 to 1, and we may expect a similar insensitivity to y in energy integral equation also. Thus, the variable y is expected to have little effect in the solutions.
Power Series Solutions
In this section, we presented the procedure of obtaining a power series in terms of a small parameter y , i.e.
−
M , where M is the upstream shock Mach number. For strong shock waves, the shock velocityU is large compared with o a and y is considered to be small, thus the quantities f , g and h can be expanded in rapidly convergent series of power of y as:
where i f , i g and i h are functions of x only. For strong shock waves the value of the co-ordinate y is small; in fact, the case 0 = y represents an infinitely strong shock wave. In view of Freeman's model [12] , the non-dimensional shock radiusξ may be written as: 
where
The non-dimensional energy integral as given by equation (39) in Ref. [11] can be written for spherical shock wave as:
Substituting Eqs. (4)- (7) into (9), ensures its power series form provided 
For second power of y , 
where prime denotes derivatives with respect to x . The boundary conditions at the shock front 
The zeroth order shock boundary conditions (13a-c) are simply those for an infinitely strong shock wave of limiting density ratio. Thus, the solution of the zeroth order equations (10a-c) with the corresponding boundary conditions (13a-c) yields the solution for an infinitely strong shock wave. Hence, for very large values of the initiation energy E o , the first and higher order conditions become zero and the shock remains strong throughout under this condition.
Since the higher order equations have the same determinant as the zeroth order, there are no singularities involved in the solutions. The zeroth order equations (10a-c) with boundary conditions (13a-c) can be integrated numerically using the Runge-Kutta method of fourth order. The value of 0 J can be computed from Eq. (8a) using numerical solution of zeroth order equations. Now, 0 ξ can be calculated from Eq. (9) using Eqs. (3a-c), (4) and known value of 0 J . However, the first and second order equations (11a-c, 12a-c) cannot be integrated directly because of the presence of the constants 1 ξ and 2 ξ . To obtain the solutions for these first and second order equations, we first write the functions as: 
Numerical values of 21 σ and 22 σ are obtained from Eq. (9) using Eqs. (3a-c), (4) and known values of 0 J , 0 ξ and 1 ξ . The value of 2 σ is calculated from Eq. (8c) and thus, 2 ξ is obtained using Eq. (17d). The solutions for the third and higher orders are found in a similar manner and thus, n f , n g , n h , n ξ for all n are to be found successively. Finally, the non-dimensional expressions for the distribution of the velocity of fluid, the pressure, the density, the speed of sound, the adiabatic compressibility and the change-in-entropy behind the strong spherical shock front can be, respectively, written as:
where i R is the specific gas constant of the dust-free gas.
Results and Discussion
The distributions of flow quantities between the spherical shock front ( 1 = x ) and the inner expanding surface or piston ( The density, the speed of sound and the compressibility remain almost unchanged for 1 = G in the region between the shock front and the inner expanding surface (see Figs. 1c-e) . Figure 2. shows that the velocity of fluid, the pressure, the speed of sound and the change-in-entropy decrease, however, the density and the adiabatic compressibility increase with increase in y . The variations of the velocity of fluid, the speed of sound and the change-in-entropy, in particular for 1 ,
differs greatly from the ideal gas (see 
Figs. 2a, d, f). However, the behavior of the pressure, the density and the compressibility, in particular for 100 ,
differs greatly from the ideal gas (see Figs. 2b, c, e) . The effects of an increase in the value of the parameter G are: (i) to decrease the distance of piston from the shock front (see Table 1 ), (ii) to increase the strength of shock (see Fig. 1b-c) , and (iii) to increase the velocity of fluid, the density, the adiabatic compressibility and the change-in-entropy, however, to decrease the pressure and the speed of sound (see Fig. 1 ). This behavior of the velocity of fluid, the density, the adiabatic compressibility and the change-in-entropy (see Fig. 1a , c, e, f), in particular for 1 ,
differs much more from the ideal gas. And also the variations of the pressure and the speed of sound (see Fig. 1b, d ), especially for 100 ,
differ much more from the ideal gas. Obviously, the above effects are more impressive at higher value of the parameter p k . The effects of an increase in the value of the parameter p k are as follows: (i) to increase the distance of piston from the shock front when G = 1. At higher values of the parameter G , the effect is small and of opposite nature (see Table 1 ), (ii) to decrease the velocity of fluid, the density, the compressibility when G = 1, and to increase them when G = 100, (iii) to increase the speed of sound, when G = 1, and to decrease when G = 100, and (iv) to decrease the pressure and the change-in-entropy. Obviously, the distance between the shock front and the inner expanding surface decreases with an increase in the value of the parameter G . As the value of the parameter P k increases the distance of piston from the shock front decreases at higher values of G , however, it increases when G = 1. The pressure and the density distributions, from the inner expanding surface to shock front, become steeper for higher values of the parameter G (see Fig. 1b-c) which means the shock strengthens.
Conclusions
This study presents the power series solutions for flow variables just behind the strong spherical shock waves of time dependent variable strength in a two-phase gas-particle medium. The following conclusions are drawn from the findings:
1. The velocity of fluid, speed of sound, adiabatic compressibility and change-in-entropy increase, however, the pressure and density decrease as we move towards the inner expanding surface.
2. The velocity of fluid, density and speed of sound increase, however, the distance between the shock front and the inner expanding surface, pressure, adiabatic compressibility and change-in-entropy decrease with increase in the parameter p k .
3. The velocity of fluid, density, adiabatic compressibility and change-in-entropy increase, however, the distance between the shock front and the inner expanding surface, pressure and speed of sound decrease with increase in the parameter G .
4. The velocity of fluid, pressure, speed of sound and change-in-entropy decrease, however, the density and adiabatic compressibility increase with increase in 2 − M .
5. The effects due to the dust-loading parameters, generally, do not change the trends of variations of the flow variables but they modify the numerical values of these flow quantities from their values for the ideal gas.
6. The trends of variations of the flow quantities are same in a two-phase gas-particle medium and ideal
gas.
The present model is expected to facilitate to design some laboratory dusty plasma experiments which may observe the trends or variations of flow quantaties (behind the LASER induced shocks) that we predicted in this paper.
